ABSTRACT In this paper, a backstepping global sliding mode fuzzy control based on neural network together with a proportional integral derivative (PID) sliding mode manifold is proposed for a three-phase active power filter (APF). This system consists of a backstepping PID global sliding mode controller, a fuzzy uncertainty approximator and a neural estimator. The design process of Lyapunov function and the controller can be systematic and structured through the reverse design by backstepping control. A global sliding mode controller is introduced to obtain overall robustness, speeding up the system response. On the issues of the conventional proportional derivative sliding mode surface, the integral item is added to suppress the steady state error and enhance the robustness. Besides, it is beneficial to estimate the unknown dynamic characteristics of the APF system via RBF neural network. Furthermore, the fuzzy controller utilized to approach to the switching function can reduce the influence of chattering which may lead to insulated gate bipolar transistor malfunction of the actual active power filter, achieving a better property. Finally, simulation studies with MATLAB/SimPower systems toolbox demonstrate that the designed backstepping neural PID global sliding mode fuzzy controller can obtain expected properties in three different conditions, and some comparisons are made to verify the superior performance of the raised control method.
I. INTRODUCTION
Electricity plays a pivotal role in the modern society. With the development of the power electronics devices, though the performance of many electrical and electronic systems is improved, inevitably a large number of harmonics is added to the power grid, which causes a serious distortion of the power quality meanwhile. At present, the suppression of harmonics has become the significant means to improve the quality of electric energy. APF is a new power electronic device which could generate compensation currents into the grid to offset the harmonic currents that may do enormous harm to the power system. APF possesses rapid development and bright prospect in application since APF performs better than passive filter in its small size, light weight, fast dynamic response, mildly affected by system impedance and so on.
In recent years, lots of advanced control methods have been presented to control APF and nonlinear systems. A Kalman filter-based H-infinity control scheme for a three-phase shunt active power filter (SAPF) system to improve the power quality was proposed by Panigrahi and Subudhi [1] . To improve the system performance with existing PFs, Bubshait and Simoes [2] presented a conservative power theory based hybird active power filter with type-two current controller for compensation of harmonics. Wang et al. [3] employed a control strategy for a three-phase three-wire thyristor-controlled LC-coupling hybrid active power filter, which can balance active power and compensate reactive power and harmonic currents under unbalanced loading. An adaptive outputfeedback controller was developed in [4] . Ketzer et al. [5] proposed a sensorless control strategy for selective harmonic mitigation.
In recent years, backstepping control techniques have obtained great attention owing to their systematic and recursive design methodology for nonlinear feedback control. The key idea of backstepping technique is to select some recursively appropriate functions of state variables as fictitious control inputs for lower dimension subsystems of the overall system [6] . Hou et al. [7] considered the adaptive fuzzy output feedback control design problem for a class of switched nonlinear systems. Zuo et al. [8] addressed the trajectory tracking control problem for unmanned aerial vehicles in the presence of modeling uncertainties and external disturbances. With the combination of the adaptive backstepping technique and small-gain approach, an adaptive fuzzy tracking controller for a class of uncertain single-input and single-output nonlinear systems with unmodeled dynamics, dynamic disturbances, unknown dead zone output and unmeasurable states was studied in [9] .
Compared to the traditional sliding mode control, global sliding mode control has the merits of ensuring the robustness of the whole process and fast response. Mobayen et al. [10] introduced a novel global sliding mode control technique for the stabilization of a class of uncertain and nonlinear dynamic systems to improve the robust performance. Pai [11] implemented a novel concept of quasi-output feedback global sliding mode tracker to achieve robust tracking and model following for uncertain systems. Ka et al. [12] utilized a global fast sliding mode control algorithm integrated in a hybrid controller for each exoskeleton leg to minimize human-exoskeleton interaction forces. To decrease the chattering and obtain the whole robustness, a use of an adaptive neural global sliding mode control for micro gyroscope can be found in [13] .
Since PID sliding mode manifold is a special kind of sliding mode surface which can overcome the shortcoming of the steady-stage error caused by external disturbances and unknown uncertainties, many discussions related to it have been made to reach to the expected property. Li et al. [14] derived an adaptive PID-type sliding mode control for a micromanipulator system with piezoelectric actuation. Kumar et al. [15] discussed a novel concept of an interval type-2 fractional order fuzzy PID controller, which required fractional order integrator and fractional order differentiator. Mahmoodabadi et al. [16] introduced an optimal adaptive robust PID controller based on fuzzy rules and sliding modes to present a general scheme to control MIMO uncertain chaotic nonlinear systems.
To eliminate the chattering phenomenon caused by sliding mode control and estimate the unknown nonlinear functions, intelligent control methods are quite effective schemes which contain neural network, fuzzy control and so on. For instance, Bouhoune et al. [17] combined neural networks and fuzzy techniques in the form of a hybrid control for the three phase induction machine. Recently, some adaptive intelligent controls for nonlinear systems were proposed in [18] and [19] . Ma et al. [20] provided the multiple rigid bodies attitude tracking neural control problem in presence of inertial information completely unknown. Sun et al. [21] considered the distributed coordinated tracking control problems for multiple Euler Lagrange systems under the directed graph based on neural network and backstepping techniques. Fuzzy adaptive controllers for uncertain nonlinear systems were studied in [22] and [23] . In this paper, a backstepping global PID sliding mode fuzzy control based on neural network is proposed for a three-phase active power filter to solve some problems in the control of APF. Compared to the previous work of the author in [24] and [25] , the contributions of the study can be summed as:
(1) It is difficult to establish accurate mathematical model for APF because of its nonlinearity and coupling, so the proposed control strategy which possess the salient merit of model-free control has a great potential to be used in APF. Moreover, for such a complex system, we can also achieve satisfactory performance which demonstrates the excellent control effect of the presented method.
(2) Backstepping control makes the design process of Lyapunov function and system controller schematized and structurized through reverse design method. The global sliding mode surface is benefit for realizing the overall robustness and accelerating the response of the system.
(3) Furthermore, PID sliding mode control is designed to suppress the steady state error caused by the circumstance of external disturbances and unknown uncertainties, making the system maintain the status with no steady-state error and strengthening the quality of power supply by decreasing total harmonic distortion.
(4) RBFNN control which is designed to approach the unknown dynamic characteristic makes the system have strong robustness regardless of the various unknown factors without the precise model along with an excellent approaching effect. On the other hand, the proposed fuzzy system eliminates the chattering phenomenon caused by the sliding mode control effectively by translating the backstepping PID global sliding mode control gain into the continuous fuzzy control output. Adaptive laws of RBF neural network control and fuzzy system ensure the asymptotic stability. Fig.1 shows the block diagram of three-phase shunt active power filter. The APF consists of harmonic current detection module, control system and main circuit. The rapid detection of harmonic current which is based on instantaneous reactive power theory is most widely used in harmonic current detection module. The control system can be divided into two separate parts, namely the current control system to ensure the accurate tracking of the reference current and the DC voltage regulator to achieve power balance between the DC side and AC side by regulating the DC voltage to its reference value. The main circuit which contains power switching devices generates compensation currents according to the control signal from the control system.The basic working principle of active power filter is as follows. Firstly, detect the harmonic current from the power system, then produce the compensation current which is equal in the opposite direction of the harmonic current, eliminating harmonic current in the power grid.
II. PRINCIPLE OF ACTIVE POWER FILTER
In Fig.1, v The dynamic model of APF is given in the following part. The circuit equations are obtained when applying Kirchhoff rules to this system.
where the parameter of ν MN is the voltage between point M and N. Assuming that
The switching function c k indicates the ON/OFF status of the insulated gate bipolar transistor (IGBT) Bridge which can be defined as:
, if S k is On and S k+3 is Off 0, if S k is Off and S k+3 is On
where k = 1, 2, 3.
Take v kM = c k v dc into account, and (1) becomes
Then d nk , called the switching state function is defined as
The above formula suggests that d nk depends on n of the ON/OFF status and the number of phase, in other words, it is closely related to the switching function c k . What is more, based on (5) and for the eight permissible switching states of the IGBT, the conversion relationship between c k and d nk can be obtained as
On the other hand, the following equation can be obtained from the DC side:
If taking advantage of 
Through using i 1 +i 2 +i 3 = 0, then the following equation can be obtained:
Thus, the model of APF in the 'abc' frame is described as follows:
In the actual operation, APF will not only be affected by various unknown external disturbances, but also has parameter perturbation caused by gradually aging of the injected inductance and the filter capacitor. In order to improve system robustness against the parameter perturbation and external disturbances, it is necessary to consider these effects in the system model. Assume the unknown external disturbances as VOLUME 5, 2017
T , the variations of the parameters as L, R and C under the circumstance of the nominal value L c1 , R c1 and C 1 .
As a result, by taking the above problems into consideration, we have:
To make the analysis more conveniently, rewrite (10) as follows:
where
To design the current controller, consider the first three equations in (10) .
The derivative of (12) is:
As we can see, although this is a multiple input multiple output system, but there is no mutual coupling among the three phases of '1' , '2' , '3' . We can transfer this multivariable control into three single variable controls in the design of the current control system. Furthermore, it can be simplified as a problem of single variable control in the case of the symmetrical parameters.
For the sake of simplicity, it is expressed as:
q 3 and we assume that h k has its upper bound h k ≤ H .
The target of the control is to make the output of the filter track the given signal y d and guarantee all the signals of the closed-loop system to be bounded. The compensation current meets y = x.
III. BACKSTEPPING GLOBAL SLIDING MODE CONTROL (BGSMC)
In this section, a backstepping global sliding mode controller is presented which can obtain wonderful tracking property by guaranteeing the global robustness and stability of the closedloop system. The backstepping global sliding surface and the controller are designed as follows.
Based on the characteristics of the backstepping technique, the model of active power filter (14) can be transformed into another form.
We define:
Then a new variable z is introduced as:
Based on X 1 , X 2 , rewrite the model of active power filter as the following cascade form:
For this APF system (17), the design procedure of backstepping global sliding mode controller contains 2 steps. At first step, a virtual control function will be constructed via a Lyapunov function V 1 . At the second step, a real control law is constructed. In the following, two steps of the procedure design will be given.
Step 1: Design a virtual control law to make the real compensation current track the ideal current.
Set the reference position signal as y d and define the position tracking error as:
Differentiating e 1 with respect to time:
Select a Lyapunov function for the first error subsystem (19) as:
and the derivative of V 1 iṡ
Regard the term X 2 in (19) as a control input first and design a virtual control law α 1 such that lim t→∞ y = y d , namely lim t→∞ e 1 (t) = 0. The virtual control law α 1 for X 2 is selected as
where c 1 is a non-zero positive constant. Sȯ
Step 2: Design the actual control law. As X 2 is a system variable rather than a control input, it does not meet X 2 = α 1 generally. As a result, it is necessary to introduce an error variable to make X 2 approach to the virtual control law α 1 gradually, ensuring the stability of the whole system.
Define the error between X 2 and α 1 :
Differentiating (23) with respect to time and using eq. (16), we obtainė
Define the PID global sliding surface as a traditional sliding mode manifold plus integral term, having the following form
where λ 1 , λ 2 are positive constants, f (t) meets following three conditions, ensuring to reach the global sliding surface.
has a first derivative and a second derivative, where e 0 is an initial value of the tracking error.
As a result, f (t) can be designed as:
where k is a positive constant. The time derivative of (26) is:
Choose a new Lyapunov function as
and the time derivative of V 2 iṡ
To makeV 2 meet the negative qualitative, a backstepping global sliding mode control law is designed as
where ρ ≥ H +ξ and ξ is an arbitrary small positive constant. Substituting (31) into (30) giveṡ
The negative semi-definite ofV 2 illustrates that the backstepping global PID sliding mode control make the system obtain a perfect trajectory performance. It guarantees that V 2 , S(t) both are bounded. From (27) we can conclude thatṠ(t) is also bounded, then the global asymptotic stability can be guaranteed.
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IV. GLOBAL SLIDING MODE CONTROLLER USING NEURAL NETWORK (NNBGSMC)
Based on the above analysis, we can conclude that the backstepping global sliding mode control approach ensures the superior tracking performance and obtains a global robust faster response. However, the control law in (31) cannot be implemented as f (x) is the unknown dynamic characteristic of APF. A revised solution is to use the estimate valuef (x) which is the output of neural network to replace f (x) through real time updating. As a result, RBF neural network is selected to approach to the unknown dynamic characteristic f (x).
Design the control law as: Fig.2 shows the structure of the RBF neural network. This kind of neural network contains three layers, they are the input layer, the hidden layer and the output layer respectively. where, x 1 , x 2 are the inputs and Y is the output of RBF neural network.
T is Gaussian function which can be expressed as:
. . , n (34) where n is the number of output node, c i is ith center vector, and σ i is ith standard deviation.
Thus, the output of RBF neural network is given as:
The unknown function f (x) can be parameterized into an ideal RBF neural network output and a bounded functional reconstruction error as follows:
where W is the ideal weight vector, ε is the mapping error. The functional reconstruction error, ε can reach to the minimum value under the circumstance of the perfect network weights. ε is uniformly bounded as: |ε| ≤ ε b , where ε b is an arbitrary small positive constant.
The real output of RBF neural network for the estimation of unknown dynamic characteristic iŝ
whereŴ is the actual weight vector which is updated online all the time. Substituting (37) into (33) yields
where ρ ≥ H + ε b . Substituting the updated control law (38) into (28) yieldṡ
Let us consider the following positive definite function as a Lyapunov function candidate
where F is a positive constant,W is the estimated error of weight vector expressed as
Apparently, we should keep W a constant when the system converges, thus it can be concluded thatẆ = 0 anḋ W = −Ẇ .
Differentiating (40) with respect to time and using (39), we havė
Design an adaptive law:
Substituting the adaptation law (43) into (52) yieldṡ
Backstepping Neural Global Sliding Mode Control Using Fuzzy Approximator for Three-Phase APḞ V 3 becomes negative semi-definite. This implies that the trajectory reaches the global sliding surface and remains on the global sliding surface.V 3 is negative semi-definite ensures that V 3 , S are all bounded. It can be concluded from (39) thatṠ is also bounded. The inequalityV 3 0) is bounded and V 3 (t) is nonincreasing and bounded, it can be concluded that lim t→∞ t 0 S dt is bounded. Since lim t→∞ t 0 S dt is bounded andṠ is also bounded, according to Barbalat's lemma, S(t) will asymptotically converge to zero, lim t→∞ S(t) = 0. Thus the designed controller can guarantee the globally asymptotical stability of the system and make the output tracking error converge to zero.
V. BACKSTEPPING GLOBAL SLIDING MODE FUZZY CONTROLLER USING NEURAL NETWORK (NNBGSMFC)
In this section, considering the external disturbances are unknown in practical application, we can clearly see that it still needs a big switch gain ρ to ensure the trajectory on the global sliding mode surface from the backstepping global sliding mode controller law based on neural network (38). Nevertheless, its value in the practical application is uncertain. In addition, the ideal switch control is difficult to achieve. Due to these problems, a neural network combined with backstepping global sliding mode fuzzy control method will be put forward.The block diagram of the backstepping global sliding mode fuzzy control based on RBF neural network for APF system is shown in Fig.3 . We use an adaptive fuzzy control systemĥ(S) to approximate ρ S S . In this way, the output of the switch controller is u sw = −ĥ(S). Ideal output of the fuzzy system is as follows
T are fuzzy vectors, σ is the approximation error of the fuzzy system, σ can reach to the minimum value under the circumstance of the perfect adjustable parameter. σ is uniformly bounded as: σ ≤ σ b , where σ b is an arbitrary small positive constant.
The actual output of the fuzzy system iŝ
whereĥ(S) is the estimated value of h(S),θ is the actual adjustable parameters which is updated online all the time.
For the stability of the system, backstepping global sliding mode fuzzy controller based on neural network is designed as
where ρ ≥ H +ε b +σ b , ε b , σ b both are arbitrary small positive constants. Substituting the updated control law u in (48) into (28) giveṡ
Let us consider the following positive definite function as a new Lyapunov function candidate
where γ is a positive constant,θ i is the estimated error of adjustable parameter expressed as
Apparently, we should keep θ i a constant when the system converges, so we haveθ i = 0 andθ = −θ.
The derivative of V 4 iṡ
To makeV 4 ≤ 0, the adaptive laws are designed aṡ
V 4 becomes negative semi-definite. This implies that the trajectory reaches the global sliding surface in finite time and remains on the global sliding surface.V 4 is negative semi-definite ensures that V 4 , S are all bounded. It can be concluded from (40) thatṠ is also bounded. The inequalitẏ 0) is bounded and V 4 (t) is nonincreasing and bounded, it can be concluded that lim t→∞ t 0 S dt is bounded. Since lim t→∞ t 0 S dt is bounded andṠ is also bounded, according to Barbalat's lemma, S(t) will asymptotically converge to zero, lim t→∞ S(t) = 0. Thus the designed controller can guarantee the globally asymptotical stability of the system and make the output tracking error converge to zero as expected. 
VI. SIMULATION STUDY
Simulation is performed to demonstrate the performance of the designed strategy of backstepping global sliding mode fuzzy controller using neural network based on the Matlab/Simulink package with SimPower Toolbox. Table 1 shows the system parameters utilized in the simulation. We verify the effectiveness of the proposed method from the following three aspects: A) Steady-state responses for harmonic compensation; B) Dynamic responses to load variations; C) Compensation of unbalanced load.
In the proposed controller, we choose the following parameters as: λ 1 = 1000000, λ 2 = 9 * 10 9 , F = γ = 100, c 1 = 50000, k = 100. Fig.4 shows the curve of load current i L , the curve of source current i s , the tracking trajectory of compensation current i c the load current i L , as a result, the power grid will be greatly affected. To solve this problem, APF is applied in to the grid system at 0.04s to obtain a balanced and sinusoidal wave in Fig.4 (B) . Fig. 4(C) and (D) depict the compensating current and its error. As expected, a perfect tracking is observed in the main reference current. In Fig.5 , the Total Harmonic Distortion (THD) in the load current is as high as 24.72%, but the THD in the source current has been lowered to 1.61%, 2.15% and 2.33% in case of the proposed and existing method respectively. This is due to better harmonics rejection, control effort and tracking performance of the proposed method over conventional sliding mode method. Thus, the superiority of the proposed algorithm over the existing method has been highlighted through under perturbations. Fig.6 plots the comparisons of control inputs under three schemes: NNBGSMFC in (A), GSMC in (B) and SMC in (C). It can be found that the chattering phenomenon is eliminated under the strategy of NNBGSMFC while there is chattering in GSMC and SMC. Then one can concluded that the proposed mode controller alleviates the chattering effectively, verifying that the employed NNBGSMFC system indeed yields the superior control property than other control systems. 
A. STEADY-STATE RESPONSE FOR HARMONIC COMPENSATION
B. DYNAMIC RESPONSES TO LOAD VARIATIONS
The satisfactory performance of the proposed NNBGSMFC is further verified with the dynamic load variations. To create dynamic condition, the nonlinear load is changed from (R = 5 , L = 10 mH ) to (R = 10 , L = 20 mH ) then to (R = 5 , L = 10 mH ) again. Accordingly, the preferable robustness and dynamic response regardless of the existence of load variations is obtained. There is a little fluctuation of the compensation current after the changes of the load current with not too large overshoot. The current tracking trajectory and tracking error of compensation current are given in Fig.7 (C) and (D) , which also present a predominant tracking effect with a small error. The harmonic spectrums of these three stages are shown in Fig.8 and it is apparent that the THDs of source currents at three different period of time are all below 5% despite the load variations, demonstrating that it is within the allowed standard as IEEE519 recommends.
C. COMPENSATION OF UNBALANCED LOAD
To evaluate the property of the designed strategy, an unbalanced load is conducted on the APF by connecting a singlephase rectifier bridge between phase '1' and phase '2,' followed by inductor L = 10 mH in series with a resistor R = 40 . Fig.9 shows the relevant curves. In this case, it is seen that source reference currents are undistorted and perfectly sinusoidal and the effect of compensating currents are also excellent regardless of the unbalanced load current. Besides, the THDs of three phases are 2.14%, 2.31%, 2.39% respectively which meet the international standard. From all the simulation results, it is concluded that the designed progressive method has controlled the APF effectively.
VII. CONCLUSION
In this paper, an efficient control algorithm of backstepping global sliding mode fuzzy control using neural network has been studied and the performances have been analyzed for an APF system. The power quality improvement is achieved in terms of perfect current harmonics cancellation as well as power factor improvement by the designed control strategy. In addition, this approach has three excellent advantages as: 1) Global robustness and faster system response could be guaranteed by global sliding mode control as well as the state-steady error can be restrained by the term of integration.
2) The chattering can be eliminated through fuzzy controller, avoiding the malfunction of IGBT. 3) RBF NN estimates the unknown dynamic characteristics of the APF in spite of the external disturbances and uncertainties. Moreover, some comparisons have been made to demonstrate the superiority of the proposed algorithm. The presented simulations are in high agreement with the theory analysis, confirming the efficiency and precision of the NNBGSFMC algorithm. 
